Wind power, especially offshore, is considered one of the most promising sources of 'clean' energy towards meeting the EU and UK targets for 2020 and 2050.
INTRODUCTION
Wind energy has been used from ancient times, initially transforming wind energy into mechanical work for operating windmills and wind pumps, and later having the best geographically varied wind resources in Europe [12] . In order for those targets to be achieved, it is an essential requirement to make this industry more economically efficient through the optimization of components such as offshore wind turbine support structures. This paper aims to provide an analytical methodology for the selection of the most preferable from the three most commonly used support structure configurations -monopile, tripod and jacket -3 for a typical 5.5 MW wind turbine in 40 m water depth. In this analysis;
engineering, economics and environmental assessment will be considered in order to balance the socio-economic activities of the sustainable energy sector [13] . The widely used multi criteria decision making method TOPSIS (Technique for Order Preference by Similarity to Ideal Solution) will be applied, allowing consideration of both quantitative and qualitative criteria, in order to incorporate multiple attributes into the decision making process.
DESIGN AND OPTIMIZATION OF WIND TURBINE SUPPORT

STRUCTURES
Within the scope of this study, the three most common configurations of offshore support structures were studied [14]:
 Monopile is a simple design, the foundation of which consists of a tubular structure that extends into the seabed; it is used for installations at water depths of up to 25 m.
 Tripod is three-legged structure made of cylindrical steel tubes, and is used for installations at water depths between 25 and 50 m.
 Jacket is a (usually) four-legged structure made of cylindrical steel tubes and, as with the tripod, is used for installations at water depths between 25 and 50 m. . The methodology that is followed involves the construction of an initial finite element model of the structure, which takes into account the soil structure interaction and the loads acting on the structure in two different case studies -maximum operation and survival conditions. The basis for the design is selected as Eurocode 3 for quasi-static analysis, generating a global safety factor based on its provisions for load combinations and material properties. Design optimization took place through an iterative process in order to efficiently utilize material properties.
For the design of all three cases, the same tower was considered based on Tables 1 to 3 present the material, soil and environmental properties that have been considered for a hypothetical site of deployment. The structural models have been built with the Abaqus/CAE, which is a powerful engineering software tool based on the FEM. After several iterations, dimensions of structural members were optimized; the results for each case are presented in Tables 4 to 6 . Table 7 presents the maximum displacement and maximum von Mises stress to which the different support structures are subjected. 
Young's modulus (E)
DESIGN ATTRIBUTES
In the previous section, the design of the support structures was discussed and the maximum displacement and von Mises stresses were derived. This section will consider multiple attributes regarding environmental and economical assessments of the different configurations. given in Section 2, and taking into consideration the derived masses, Table 8 summarizes the emissions of each different configuration, illustrating that the jacket structure configuration has the greatest amount of CO 2 e emissions. As the machinery used is the same and the duration of the work will not vary significantly, it can be assumed that the choice of foundation will not affect the impact.
Water turbidity
Installation and decommissioning of the foundations and cabling will result in considerable disturbance of the seabed, resulting in the removal or physical disruption of benthic communities and suspension of sediment. However, it is expected that the amount of deposited material is not enough to affect the morphology of the seabed [37] . For this study, it will be assumed that the environmental impact is proportional to the soil volume affected by the piles, as presented in Table 9 , illustrating that the jacket type of configuration would produce more water turbidity. 8 total surface of each structural option, as presented in Table 10 , according to which the monopile structure would produce the lowest increase in biodiversity. . Obviously, the choice of foundation will not affect the impact on birds.
Economic Assessment
The aim of an economic assessment is to study the economic efficiency of building a new offshore wind farm using specific assumptions. For this study a hypothetical wind farm of 30 wind turbines at a distance of 11 km is assumed. The life cycle period of consideration depends both on the local climatic conditions 
Impacts identification
The positive impacts, which will be referred to as benefits, will account either for an improvement of goods that generate positive utility or a reduction in total price.
The negative impacts, which will be referred to as costs, will either be any reduction in the quantity or quality of goods or an increase in total price [29] .
The construction of wind farms involves several benefits, including increasing . For the total derived costs for each wind turbine, a cost breakdown chart can be formulated and this is presented in Figure 2 , illustrating that the support structures cost represents 15% of the total costs for the monopile wind farm, while for the jacket wind farm it represents 33% of the total costs.
Net Present Value (NPV)
This parameter will convert the total cost of the service life of the structure to present value. The present value (PV) of a benefit or cost (X) is calculated as follows for t years and a discount rate of i:
The further in time a benefit or cost happens, the lower the discount factor [(1+i)
and the present value is. This is justified as there is a level of uncertainty associated with the costs and benefits in the future, hence there is an expressed preference to obtain goods and services now, rather than later [29] . Therefore, the choice of discount rate is of critical importance in determining whether the PV is positive or negative. There is considerable controversy about whether public sector projects should be discounted at a lower rate than private sector projects
[38], due to the fact that they can pool risks [39] and can borrow at far lower rates
Within the scope of this study, a public/private partnership will be considered and a 6% discount rate will be applied. Once all PVs have been calculated, the sum of discounted gains will be checked to see whether it exceeds the sum of discounted losses, accepting projects with an NPV greater than 1. The wind turbines' value for each different support structure configuration and the corresponding NPVs are presented in Table 11 . This section will investigate the contribution of different parameters in the derived value of NPV. The first analysis will consider the cost of electricity for each offshore wind turbine type. This is an important step because adding wind into the power mix will have a significant influence on the resulting price of electricity. Figure 3 , proving that an increase in the discount rate implies a decrease in the NPV. Further it is derived that all projects are likely to receive private investment, since all the IRRs are greater than the cost of capital.
TOPSIS METHOD
Multi-Criteria Decision Analysis
As mentioned in the introduction and noted throughout this study, the selection of the optimum choice should be based on several attributes; for instance, monopile is economically the best option but it is the worst option for increasing biodiversity. Hence, a Multi-criteria decision analysis (MCDA) method can be employed, capable of providing the best sustainable alternative in this decisionmaking (DM) process which has conflicting attributes. MCDA methods have been widely applied in DM for sustainable energy because of the complexity of socioeconomic and biophysical systems and the multi-dimensionality of the sustainability target [13].
Application of the TOPSIS method
The TOPSIS method is a powerful MCDA method used commonly in optimization problems, and has been chosen from the different types of weighting methods because its basic concept is perfectly suited to this analysis, as [14] suggests. Its basic concept is that the best alternative should have the farthest distance from the Negative Ideal Solution (NIS) and the shortest distance from the Positive Ideal Solution (PIS) [42] . This method ensures the realization of objective benchmarking among the options, taking into account both quantitative and qualitative attributes, and follows a sequence of simple steps as presented in Figure 4 .
After the formulation of a design matrix with scoring for every attribute of each option, normalization follows as:
Where: 
The relative closeness of each solution to the ideal (C i ) will be estimated as follows, and the most favourable will be the one closest to 1.  Water turbidity, is a negative attribute aiming to represent disturbance to the seabed caused by the support structure.
Weights influence directly the DM result and are based on the practical engineering expertise of the decision makers; consequently, the more experienced 14 the decision makers are, the more objective the result. Although most of the attributes can be expressed in quantitative terms, this is every demanding task. For the present study, the weight vector will be based on the experience of the experts in this field within the Cranfield Offshore Renewable Energy Group. The relative importance of each criterion was determined by a questionnaire based on a Likert scale. With this technique, the responder specifies a level of agreement or disagreement to the concept under study, using one of a number of positions on a five-point Likert scale [44] . In this particular case, the meaning of Likert scale levels was modified, running from 1-Not important to 5-Very Important.
Application
Based on the above analysis, the initial Decision Matrix is defined as: 
CONCLUSIONS
The outcome of this comprehensive study, taking into account additional attributes more than absolute cost, illustrates that for the assumptions considered, the tripod is the best option overall. This seems reasonable because, although the monopile is the most economical option and less harmful to the environment, the tripod suffers less from wave-resonance than the monopile. Since the obtained results in the different sections provide a consistent end result, it can be concluded that the methodology that has been followed and is proposed in this paper is appropriate. This considers not only the methodology used for soil-structure interaction, environmental and operational loads, but also implementation of the TOPSIS method in order to provide an objective methodology for benchmarking the different support structure options, taking into account engineering, economic and environmental criteria.
A sensitivity analysis, with a more analytical consideration of the weight factors employed using the TOPSIS method, has demonstrated the effect of each of the different attributes on the total scoring, increasing the level of objectiveness of the classification of the different options.
Future work, following this study, should consider examination of the effect of the water depth and the environmental conditions' consideration to the decision making process towards the selection of the most suitable configuration as well as the performance of other attributes. Lastly, the quantification of qualitative attributes on the basis of a reference unit would contribute towards a more informed decision making process. 
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